Flexible ultrasonic array transducers which can be attached to the desired structures or materials for nondestructive testing and structural health monitoring applications at room and elevated temperatures are developed. These flexible ultrasonic transducers (UTs) arrays consist of a thin polyimide membrane with a bottom electrode or stainless steel foil, a piezoelectric lead-zirconate-titanate (PZT) composite film and top electrodes. The flexibility is realized owing to the porosity of piezoelectric film and the thinness of substrate and electrodes. Top and bottom electrode materials are silver paste, silver paint or electroless plated nickel alloys. The UT array is configured by the several top electrodes. The flexible UT has been successfully tested at 150°C and also immersed into water as immersion ultrasonic probe operated in the pulse-echo mode with good signal to noise ratio.
INTRODUCTION
In-situ structural health monitoring and nondestructive testing (NDT) are necessary to diagnose, identify and characterize defects and/or damages and qualify repairs in many industrial applications, such as aerospace, marine, nuclear structures, etc [1] [2] [3] [4] . In addition, non-invasive medical diagnostics 5, 6 are also crucial to improve the human health and living quality. Ultrasonic techniques are frequently used for these purposes because of their subsurface inspection capabilities, fast inspection speed, simplicity and ease of operation. In these applications, ultrasonic transducers (UTs) may need to contact directly with the object to be diagnosed. However, material parts and human body have curved surfaces or complex geometries conventional UTs show poor inspection performance 1, 3 . Flexible UTs are suitable for these applications because they insure the self-alignment to the object surface even with curved or complex geometry so that the transmitted ultrasonic energy can be maximized to improve diagnoses 3 .
The required characteristics of flexible UTs are capability to transfer ultrasonic energy into various materials e.g. industrial steels, graphite/epoxy composites, human flesh, etc with efficiency, reliability and cost effectiveness. Often industrial applications require high temperature (HT) operation of transducers to perform in-situ characterization of materials, real-time process monitoring, and NDT 7, 8 . This leads to the research interest in developing flexible transducers, which may be operated at HT.
In commercially available flexible transducers, piezoelectric polymers such as polyvinylidene fluoride 9 and piezoelectric ceramic/polymer composites 7, 10 are mainly used as piezoelectric materials. Both materials include polymer which prevents the use of such flexible UTs at elevated temperature. Other flexible HTUTs have been also reported 11, 12 . Because of single crystal films used, in order to provide the flexibility, the thickness of the piezoelectric film is thin, from 0.2 to 10µm. Thus operating frequency was normally higher than 30MHz and it might not be suitable for diagnostics of thick and highly attenuating materials such as graphite/epoxy composites and human flesh.
This study proposes a new concept for flexible transducers to meet these demands. They consist of a thin polyimide membrane or stainless steel (SS) foil, a bottom electrode if the substrate is polyimide membrane, a piezoelectric ceramic film and a top electrode. The fabrication process of the piezoelectric film is based on the sol-gel spray technique 13, 14 . The piezoelectric lead-zirconate-titanate (PZT) particles are dispersed in PZT sol-gel solution for producing thick PZT/PZT composite film. The top electrode can be made of silver paste 14 or paint. The flexibility is achieved because of the porosity in the composite PZT/PZT films and thinness of the polyimide membrane or SS foil, and top and bottom electrodes. PZT/PZT composite was selected because of its high piezoelectric strength and Curie temperature of 350°C. Ultrasonic performance in pulse-echo mode of these flexible UTs will be investigated.
FABRICATION AND CHARACTERIZATION OF PIEZOELECTRIC FILMS
The detailed fabrication process of sol-gel spray technique can be found from previous publications 13, 14 . Piezoelectric PZT powders in this study, were purchased. Fine and submicron size powders were dispersed into PZT sol-gel solution by the ball milling method to achieve the paint for spray. When non-conductive substrates i.e. polyimide membranes were used, it was required to fabricate the bottom electrode layer before spray coating of piezoelectric PZT/PZT composite film. In this investigation, two methods, spray coating and electroless plating, were chosen to build up bottom electrode layer. For spray coating, silver colloid was sprayed directly onto polyimide membrane with using an airbrush, and cured around 120°C. The thickness of the sprayed silver layer was 5-10µm. For electroless plating, polyimide membranes were immersed in electroless nickel bath containing nickel salt, reducing agent such as sodium hypophosphate, and complexing agent for nickel, after pretreatment process. The electroless bath was heated up to 90°C and the immersion time was about 10minutes. The thickness of electroless plated nickel alloy layer was less than 1µm. When SS foils were used as substrates, it served as bottom electrode. An airbrush was then used to spray the PZT/PZT sol-gel composite directly onto bottom electrodes of the polyimide membranes or SS foils. Paper masks were used to serve as the shadow mask during the spray coating. After each coating, thermal treatments were carried out. Multiple layers were made in order to reach desired film thickness.
Each layer had a thickness of 5-15µm and eight to twelve layers were made in order to reach the desired thickness. The film thickness was measured by a micrometer. The films were then electrically poled using the corona discharging technique. For corona poling, the temperature of the polyimide membrane and that of SS foil were around 120°C and a high positive voltage supplied from a 28kV DC power supply was fed into a thin and sharp needle located several centimeters above the PZT/PZT film coated on the substrates. The distance and voltage were optimized for different film thicknesses and geometries. The poling time was about 10 minutes. The corona poling method was chosen because it could pole the piezoelectric film over a large area with different curvatures and with ease 14 . Finally, the top electrode was fabricated at room temperature by Silver Kwik-Stik from SPI Supplies, PA. When the tip of the pen was pressed against the film surface, it retracted into the pen barrel, allowing silver colloid to flow through the opening. The opening and trace width of the pen is approximately 1.0mm and 2.2mm, respectively. The thickness of the silver top electrode was about 20µm with fairly good uniformity. This convenient approach makes the selection of electrode size, i.e. the UT size, simple. The silver paste had been tested and its operating temperature could be up to at least 220°C.
In this investigation, the thickness range of the PZT/PZT films fabricated by sol-gel spray technique was from 50 to 120µm, and it provided an operation frequency range from 2.4 to 13.8MHz. This frequency range is commonly preferred for NDT and health monitoring applications because it provides sufficient time delay resolution and allows acceptable ultrasonic attenuation in metals, composites and human flesh. It is noted that PZT sol-gel solution contributed as bonding material between the PZT powder and the bottom electrode on polyimide membrane or SS foil. The relative dielectric constant of the PZT/PZT films was around 140 measured by a Hewlett Packard 4192A LF Impedance Analyzer at 1 kHz. This value was lower than that of PZT/PZT on a bulk substrate that was around 320 15 . It was probably due to the different temperature profiles during the thermal treatments. A porosity of more than 20 volume % was estimated from the relatively low dielectric constant of the PZT/PZT films 15 . The electromechanical coupling coefficient k t of the composite film was measured to be near 0.2. The d 33 measured by an optical interferometer was 30 × 10 -12 m/V.
FLEXIBLULTRASONIC TRANSDUCER WITH DIFFERENT SUBSTRATES

Flexible UT using polyimide membrane as substrates
Firstly, 60µm thick polyimide membranes are used for the investigation because polyimide can sustain 350°C and the sol-gel PZT/PZT multilayer fabrication process. Its acoustic impedance is close to that of liquid such as water, polymer composite and human flesh. Because the polyimide film is an insulator, both colloidal silver spray and nickel alloy electroless plating methods were developed to coat a conductive layer onto the piezoelectric composite film side of the film as the bottom electrode before the coating of the piezoelectric PZT/PZT composite films.
For the fabrication of bottom electrode on 60µm thick polyimide membrane colloidal silver spray method was used as shown in Fig.1a at first. Five to ten microns thick silver paint was deposited between the top polyimide membrane and the 60µm thick PZT/PZT composite as shown in Figs Polyimide membrane (6Opm)
electrode was made by silver paste and its thickness was around 20µm. Care was taken to strengthen the adhesion between this bottom electrode layer and the polyimide membrane. The PZT/PZT film thickness was obtained using ten layers of coating process. Such fabrication process implies that the polyimide membrane has sustained ten thermal cycles during the drying and firing of the PZT/PZT composite film and also the corona poling heating process. In order to optimize the size of the top electrode, experiments were carried out. The results of signal amplitude versus the diameter of the top electrode shown in Fig.2 indicates that the optimal electrode size for this flexible UT is 10mm in diameter. The flexible UT shown in Fig.1c was then was pressed onto a 13.8mm thick SS plate at room temperature and 150°C. HT oil couplant was placed between the probing side of the polyimide membrane and SS plate. Figs.3a and 3b show the transducer response, in time and frequency domains respectively, in pulse-echo mode at room temperature. L 2 and L 4 are the first and second round trip echoes through the thickness of the SS plate. The center frequency, the 6dB band width and SNR of the L 2 echo are determined to be 11.3MHz, 5.1MHz and 24dB, respectively. The ultrasonic response of the transducer at 150°C is shown in Fig.4 . The center frequency, the 6dB bandwidth and SNR of the L 2 echo at this operating temperature is 9.3MHz, 3.7MHz and 27dB, respectively. It is observed that the signal strength of the L 2 echo at room temperature was decreased by about 5dB and the frequency bandwidth reduced by 1.4MHz as flexible UT operated at 150°C. At 150 o C, the time delay of the L 2 echo traveling in SS substrate had 0.14µs more delay than that measured at room temperature. The flexible UT shown in Figs.1b and 1c can be made as UT array if many top electrodes can be added onto the surface of poled PZT/PZT composite film. This demonstrates the simplicity of the technique to achieve UT array. The corona poling technique has been used to pole such piezoelectric film up to 100mm by 100mm area in one time. Fig.5 shows a flexible four UTs array using 60µm thick polyimide membrane as the substrate. It has four top electrodes. The electrical connection and protection of the UT array will be introduced in Section 3.2. The second approach to fabricate the bottom electrode onto the top surface of the 60µm polyimide membrane was using the electroless plating technique as shown in Fig.6a . The pretreatment including cleaning, chemical roughening, sensibilization, activation and reduction process was operated for polyimide membranes before the immersion into the electroless nickel bath. After the pretreatment, polyimide membranes were immersed into hypophosphite bath heated up to 90°C for 10minutes in order to deposit nickel alloy bottom electrode layer onto polyimide membrane. The thickness of electroless nickel alloy layer was less than 1µm. In order to optimize the size of the top electrode, experiments were carried out. The results of signal amplitude versus the diameter of the top electrode shown in Fig.6 indicates that the optimal electrode size for this flexible UT is 11mm in diameter. The fabrication of PZT/PZT composite film and the top electrode and poling technique were the same as those described for the silver sprayed bottom electrode samples. Then the flexible UT shown in Fig.6b was pressed onto a 13 .8mm thick SS plate at room temperature and 150°C. HT oil couplant was also placed between the probing side of the polyimide membrane and SS plate. Figs.8a and 8b show the transducer response, in time and frequency domains respectively, in pulse-echo mode at room temperature. L 2 and L 4 are the first and second round trip echoes through the thickness of the SS plate. The center frequency, the 6dB band width and SNR of the L 2 echo are determined to be 13.8MHz, 5.5MHz and 17dB, respectively. The ultrasonic response of the transducer at 150°C is shown in Fig.9 . The center frequency, the 6dB bandwidth and SNR of the L 2 echo at this operating temperature is 11.3MHz, 5.1MHz and 22dB, respectively. It is observed that the signal strength of the L 2 echo at room temperature was decreased by about 6dB and the frequency bandwidth reduced by 0.4MHz as the flexible UT operated at 150°C. 
Flexible UT using SS foil as substrates
Since SS substrate can sustain operation temperature more than several hundred degrees Celsius (> 700°C), it may be brazed or welded onto metallic structures for HT operation. It may be also glued onto metallic, polymer or graphite/epoxy composite materials for NDT and structure health monitoring applications. The techniques described in Section 2 were used to fabricate the PZT/PZT composite films. The top electrodes were also made by silver paste. Fig.10 illustrates two views of a PZT/PZT 120µm thick composite film five UTs array directly fabricated onto a 75µm thick SS foil with this particular merit. Thinner SS foils may also be used as reported in ref. 16 . The entire transducer array structure was sandwiched by 60µm thick polyimide membranes excluding the probing side of the SS foil (the side opposite to thick piezoelectric film) so that it may be protected from the moisture in the environment and can operate at temperatures up to 150°C 16 . Copper strips were used for electrical connections. Such protection and electrical connection techniques can be also used to fabricate UT array with polyimide membranes as substrates mentioned in Section 3.1. When this flexible UT array was immersed into water for days the ultrasonic performance was remained the same. Fig.11a shows the water immersion measurement result from UT3 which was 46 mm away from the front surface of a 25.4 mm thick flat aluminum plate. L 1 was the reflected echo from the front surface. L 2 and L 4 were the first and second round trip echoes through the thickness of the aluminum plate. The frequency domain of the echo L 2 is shown in Fig.11b . It can be seen that the echoes have good signal to noise ratio even the alignment was not perfect due the flexibility of the UT array and its slight curvature caused by the residue stress induced during the fabrication of PZT/PZT composite. Such type of flexible transducers was also used for NDT of plastics and graphite/epoxy samples at room temperature and metal substrate with curved and flat surfaces at 150°C 16 . 
CONCLUSIONS
Flexible UTs consisting of 60µm thick polyimide membrane with a bottom electrode or 75µm thick SS foil, a piezoelectric PZT/PZT composite films and top around 20µm thick silver paste electrodes have been developed. The bottom electrodes on polyimide membranes were made by two methods; silver paint spray and electroless plating of nickel alloy which provide the thickness of 5 to 10µm and less than 1µm electrode, respectively. The flexibility of the transducer was realized owing to the porosity of piezoelectric film and the thinness of substrate and electrodes. PZT/PZT composite was chosen as piezoelectric film because of its high piezoelectricity and its thickness was from 50 to 120µm fabricated by a spray technique. The piezoelectric constant d 33 of PZT/PZT was measured by the optical interferometer. The UT array was configured by the several top electrodes. For protection purpose polyimide membranes were glued onto the top electrodes of the UT array. Copper thin and narrow strips were used as the flexible wire for electrical connections. Such UT array can be attached to the desired structures or materials for NDT and health structural monitoring applications at room and elevated temperatures. The flexible UT array was successfully tested at 150°C and also immersed into water as immersion ultrasonic probe operated in the pulse-echo mode with good signal to noise ratio.
